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ABSTRACT
This paper presents an alternative scenario to explain the observed properties of the Milky Way dwarf
Spheroidals (MW dSphs). We show that instead of resulting from large amounts of dark matter (DM),
the large velocity dispersions observed along their lines of sight (σlos) can be entirely accounted for by
dynamical heating of DM-free systems resulting from MW tidal shocks. Such a regime is expected if
the progenitors of the MW dwarfs are infalling gas-dominated galaxies. In this case, gas lost through
ram-pressure leads to a strong decrease of self-gravity, a phase during which stars can radially expand,
while leaving a gas-free dSph in which tidal shocks can easily develop.
The DM content of dSphs is widely derived from the measurement of the dSphs self-gravity accel-
eration projected along the line of sight. We show that the latter strongly anti-correlates with the
dSph distance from the MW, and that it is matched in amplitude by the acceleration caused by MW
tidal shocks on DM-free dSphs. If correct, this implies that the MW dSphs would have negligible DM
content, putting in question, e.g., their use as targets for DM direct searches, or our understanding of
the Local Group mass assembly history. Most of the progenitors of the MW dSphs are likely extremely
tiny dIrrs, and deeper observations and more accurate modeling are necessary to infer their properties
as well as to derive star formation histories of the faintest dSphs.
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1. INTRODUCTION
The MW halo within ∼ 300 kpc is populated by the
two Magellanic Clouds and by ten to a million times
fewer massive dwarf-spheroidal galaxies (dSphs). Sev-
eral tens of MW dSphs (McConnachie 2012; Mun˜oz et
al. 2018; Fritz et al. 2018) have now been discovered
and their number may continue to increase. Further-
more, observations of dSphs revealed 1D, line-of-sight
(los) velocity dispersions (σlos) that are considerably
larger than expectations from their stellar mass, which
has led to assume the presence of an additional, domi-
nant component of dark matter (DM). The total mass
(MJ), including DM, was estimated by assuming that
in each dSph a single, dispersion-supported stellar pop-
ulation is in dynamical equilibrium in the underlying
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gravitational potential (Walker et al. 2009; Wolf et al.
2010). Further assuming spherical symmetry and ne-
glecting the impact of the MW gravitation, the dynam-
ical mass was deduced from dSph star kinematics using
the Jeans equation (Walker et al. 2009; Wolf et al. 2010).
However, Hammer et al. (2018) have shown that dSph
Jeans masses (MJ) and their ratio to luminosity can be
derived from the half-light radius (rhalf) and the gravi-
tational acceleration exerted by the MW, which appears
to be at odds with the assumption that dSph kinemat-
ics are not affected by the MW. Furthermore, it was
found that MW tidal shocks provide enough kinetic
energy to dSph stars to predict the observed σlos with
a good accuracy. This is supported by the fact that
MW tidal shocks are exerted along the radial direction,
which coincides with the line of sight along which σlos
are measured. This casts doubts about the validity of
the dynamical mass estimate using the Jeans equation,
hence on the estimates of the DM amount in dSphs.
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Why tidal shocks appear to be the dominant effect of
the MW gravitational tides remains to be clarified. In
the meantime, Mun˜oz et al. (2018) have considerably
improved the photometric measurements of most dSphs,
improving the accuracy on rhalf by one order of magni-
tude.
Here, we demonstrate from data analysis that, instead
of DM, the MW gravitation through tidal shocks can
fully account for the dSph kinematics. In Sect. 2 we
show that, assuming self-gravity and using the Jeans
equation, one can only predict the projected mass den-
sity along the line of sight. We then find that this quan-
tity is highly (anti)correlated1 with the MW distance
compared to other DM-related quantities (e.g., mass or
3D mass density). In Sect. 3 we demonstrate that this is
fully explained by the effect of MW tidal shocks on DM-
free dSphs. We also characterize the time-scales that
warrant the impulse approximation regime necessary for
tidal shocks to be efficient. Sect. 3 discusses an astro-
nomical scenario in which gas removal by ram-pressure
of gas-rich dSph progenitors ensures the predominance
of tidal shocks in MW dSphs, then providing dSph prop-
erties very similar to that observed. The sample of 21
dSphs with kinematic data and after removing three out-
liers has been defined in the Appendix A in which scaling
relations are analyzed, and which includes two Tables
showing the data and the calculated quantities, respec-
tively. In the following we assume Mstellar/LV ratio of
2.5 for dSphs without young or intermediate age stars,
and 1.5 for Carina, Fornax, and Leo I (see, e.g., Lelli et
al. (2017) and references therein).
2. LIMITATIONS ON THE USE OF THE JEANS
EQUATION TO ESTIMATE DM
Wolf et al. (2010) derived the dSph total mass within
r1/2=4/3× rhalf (r1/2 and rhalf are the 3D and 2D half-
light radii, respectively, see also Walker et al. 2009). As-
suming self-equilibrium and using the Jeans equation:
MJ/M = 930× (rhalf/[1pc])× (σlos/[1km×s−1])2 (1)
The above mass estimate (see, e.g., Walker et al. 2009;
Wolf et al. 2010) further assumes that the DM is spheri-
cally distributed, although attempts have been made to
minimize the impact of the unknown value of the veloc-
ity dispersion anisotropy (Wolf et al. 2010). Since the
1 Along the manuscript we have used a Spearman’s rank cor-
relation ρ that does not assume any shape for the relationship
between variables; the significance of ρ has been tested using t=
ρ
√
(n− 2)/(1− ρ2), which is distributed approximately as Stu-
dent’s t distribution with n - 2 degrees of freedom under the null
hypothesis.
Figure 1. Left: logarithmic anticorrelation between the
gravitational acceleration in kms−2 that would be due to
the DM according to Eq. 3 and the distance to the MW cen-
ter in kpc. The best fit for the 21 dSphs is represented by
the solid line, while the dashed line represents the best fit
after excluding Leo I and Leo II (magenta dots), since they
do not obey to the impulse approximation. Right: same af-
ter replacing the MW distance by
√
2× αMW × gMW, which
is the expected acceleration due to the MW in the frame of
the impulse approximation (see Eq. 5). The MW mass pro-
file is coming from (Sofue 2015, top) and from (Bovy 2015,
bottom), respectively.
determination of DM is based on a los velocity disper-
sion (e.g., σlos), only the mass density projected along
the line of sight can be determined without any assump-
tion on anisotropy2. Under the spherical symmetry as-
sumption, it is also a surface mass density (ΣJ) propor-
tional to MJ × r−2half . The los projected mass density is
proportional to the gravitational acceleration caused by
the total mass MJ, whose projection along the line of
sight is assumed to induce the observed los velocity dis-
persion σlos.
One may try to isolate the effect of the DM in Eq. 1
by removing the small and known contribution of the
stellar mass. Within r= r1/2, the Jeans mass is the sum
of the DM and stellar masses, and the DM surface-mass
density is then:
ΣDM = MDM × r−2half = (MJ −Mstellar/2)× r−2half , (2)
2 To illustrate this, let us consider a mass distribution very
elongated along the line of sight: the induced σlos would indeed
be much larger than if the (same) mass was spherically distributed.
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In the following, we estimate3 the 1D los velocity dis-
persion (σstars) associated with the sole stellar mass by
inverting Eq. 1 and replacing MJ(r1/2) by Mstellar/2.
By multiplying Eq. 2 by the gravitational constant G
it leads to the acceleration caused by the DM (aDM =
GMDM × r−2half) for which only its projection along the
line of sight is robustly known, which is:
aDM = GMDM × r−2half = (σ2los − σ2stars)× r−1half . (3)
Left panel of Figure 1 shows that the acceleration
due to the DM is strongly anticorrelated (ρ = 0.76 and
t = 5.1, see Appendix C) with the distance to the center
of the MW (DMW). Could this be due to a combina-
tion of correlations, e.g., between surface mass density
(ΣDM) and radius, and between radius and MW dis-
tance? Appendix A.2 indicates that σlos correlates well
(ρ=0.80 for the 21 dSph sample) with rhalf , following:
log(σlos) = 0.37× log(rhalf) + 0.028 (4)
Combining Eq. 4 with Eq. 1, it results that MJ scales
as r1.75half . If spherical symmetry is assumed, ΣDM=
MJ×r−2half should depend weakly on radius, i.e., ∝ r−0.25half .
Such a behavior is verified by the data (logarithmic
slope=-0.33 with ρ= 0.49). The radius is weakly corre-
lated with the distance (see Appendix A.3, logarithmic
slope=0.87 with ρ= 0.45). Combining a weak anticor-
relation with a weak correlation can neither provide the
strong anticorrelation nor the slope (-0.62) of the rela-
tion shown in the left panel of Figure 1.
Here we have discovered that the most accurately de-
termined DM quantity, ΣDM (or aDM), is unexpectedly
anticorrelated to the MW distance. This indicates that
MW dSphs cannot be further considered as isolated,
which questions the validity of the DM mass estimates
provided by self equilibrium deduced from the Jeans
equation.
The left side of Figure 2 is made up of three pan-
els showing the slope, correlation strength, and Stu-
dent t parameter of a generalized correlation between
(σ2los − σ2stars)× rpowerhalf and DMW. By replacing r−1half by
rpowerhalf in Eq. 3, it identifies the DM mass and its 1D to
3D-mass densities (see indications in the bottom panel),
after neglecting the effect of MW tides. As for Eq. 1,
the above equations assume spherical symmetry for the
dSphs and DM-related quantities are calculated at r=
3 When calculating the 1D velocity dispersion of a Plummer
body made of stars only, we cannot assume a constant sigma
profile as done in Eq. 1; Eq. 31 of Evans & An (2005) yields
4.80/G×σ2starsonly×rhalf , instead of 4/G×σ2stars×rhalf in Eq.
2 of Wolf et al. (2010). It leads to a value of σstarsonly= 0.9127
× σstars.
r1/2= 4/3 × rhalf .
The right side of Eq. 3 illustrates dSph observed quan-
tities (σlos, rhalf , Mstellar) without any dependence on
modeling or on the nature of dSphs, and Figure 2 is only
based on them. Concerning the DM content of dSphs,
Figure 2 is illustrative because:
• Data show significant anticorrelations for power ≤
-1, with a prominent peak at r power= -1 (ΣDM),
i.e., for the quantity robustly estimated from ob-
servations; it suggests that the anticorrelation be-
tween the DM 3D-mass density, νDM , and the MW
distance is only due to that between ΣDM with
DMW;
• Data confirm the absence of correlation between
σlos and distance (r power = 0), as well as between
the assumed total DM mass (r power = 1) derived
from Eq. 1 and the MW distance.
This may also explain why the “DM in isolated dSph”
hypothesis received so much credit, given that its asso-
ciated mass appears to not be correlated with the host
galaxy properties. Reproducing Figures 1 and 2 is likely
a challenge for the standard scenario of DM-dominated
MW dSphs. For example, why by multiplying ΣDM (or
aDM) by rhalf , which is weakly correlated with the MW
distance, the strong anticorrelation found in Fig. 1 dis-
appears (at r power= 0 in Fig. 2)?
In fact an anticorrelation between DM 3D-mass density
(νDM) and distance to the MW has been found by Die-
mand et al. (2008) and by Moline´ et al. (2017), in the
frame of a tidal stripping of pure DM subhalos, which
would be denser when lying near the MW center. Could
such an anticorrelation be at the root of the relation
shown in Figure 1? Top left panel of Figure 2 reveals
that νDM shows a logarithmic slope of -2.9, implying
that at 30 kpc from the MW, sub-haloes would be 340
times denser than at 250 kpc. However, stellar densities
stay unchanged within the same MW distance range,
and it would require a considerably more efficient strip-
ping of DM4 than that of stars while they lie within a
similar volume in the dSph (see details in Appendix B).
3. WHY IS THE ACCELERATION CORRELATING
WITH THE MW DISTANCE?
Indeed the anticorrelation between (σ2los−σ2stars)×r−1half
and DMW hints to Eqs. (2) and (B16) of Hammer
4 If DM particles have strongly radially biased orbits (but see
Taylor 2011) they will be more affected by tidal stripping than
stars.
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Figure 2. Summary of logarithmic correlations (or absence of correlations) between dynamical quantities and DMW (left) and√
2 × αMW × gMW (right), respectively. From top to bottom, the figure shows the slope, correlation strength, and Student t
parameters when Eq. 3 is replaced by (σ2los−σ2stars)× rpowerhalf (dubbed σ2rpower). Left: It shows how the correlation changes with
the power index on rhalf . Observed physical quantities are indicated in the middle panel (right side) of Eq. 3. Calculations of
DM-related quantities require the assumption of isotropy and absence of significant effects from MW tides (see the text), and
they are indicated in the bottom panel. They include the mass and its 1D, 2D, and 3D density, MDM, MDM/r, ΣDM and νDM
respectively. Correlation strength and t peak at power = -1, which represents the DM los acceleration (see Eq. 3). Black and
green curves are based on the dSph galaxy sample of 21 dwarfs defined in the Appendix A, while the blue curve is for the same
sample but Leo I and Leo II. The green curve illustrates a case for which the Mstellar/LV ratios are multiplied by 2. Right:
same but for the correlation with
√
2×αMW × gMW, for which we use the MW model from Bovy (2015). Using the MW model
from Sofue (2015) provides very similar graphs.
et al. (2018) established in the frame of the impulse
and distant-tide approximations, and assuming DM-free
dSphs. They show that MW tidal shocks bring suffi-
cient kinetic energy to generate an additional term to the
los velocity dispersion, which is σMW =
√
σ2los − σ2stars.
Note that both accelerations, which are due to MW tidal
shocks on DM-free dSphs and that are assumed to be
due to DM in the frame of self-gravity, are indeed pro-
jected along the MW radial direction that coincides with
the line of sight. Eq. B16 of Hammer et al. (2018) can
be written as:
σ2MW = σ
2
los − σ2stars =
√
2 αMW gMW rhalf (5)
where gMW= GMMW/D
2
MW is the gravitational acceler-
ation of the MW and
αMW = 1− ∂log(MMW)/∂log(DMW) (6)
characterizes the shape of the MW mass profile,
taking values close to 1 in the Galactic outskirts
(∂MMW/∂DMW∼ 0) and close to 0 when the slope
of the MW mass profile is steep.
Can Eq. 5 be at the root of Figure 1? To verify
this we have to compare (σ2los − σ2stars) × r−1half with√
2×αMW×gMW. The later term requires the knowledge
of the MW potential and we have considered two mod-
els reproducing the MW kinematics (Bovy 2015) and
extended rotation curve (Sofue 2015) from observations
of distant massive stars and globular clusters. Right
panels of Figure 1 show that the correlation between
the two quantities is as strong as the one shown in the
left panel. Moreover, for most dSphs, within their error
bars, the los gravitational acceleration attributed to the
DM self-gravity equals that caused by MW tidal shocks
on DM-free dSphs. Why would the acceleration caused
by the DM be precisely what it is expected from MW
tidal shocks on DM-free dSphs? In other words, why
does the latter predict that the DM mass-to-light
ratio of Segue 1 is several thousand, while that
of Fornax is only 10?
Figure 3 shows the comparison between predictions
from Eq. 5 to the observed los velocity dispersions (σlos)
in dSphs. In the left panel, MW model from Sofue
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Figure 3. Correlation between the observed σlos and that
predicted from Eq. 5, i.e., σpred =
√
σ2MW + σ
2
stars. Left: It
assumes the MW mass and its profile from Sofue (2015). The
blue line indicates the track of a simulated dwarf falling into
the MW halo, adapted from Yang et al. (2014) by adopt-
ing a softening radius of 0.5 pc, i.e., warranting that almost
no stellar particles are affected by non-Newtonian motions
(see Figure 4). Right: same after optimizing the MW mass
profile.
(2015) is found to predict with good precision the ob-
servations, with slope = 0.9 and a correlation coefficient
ρ = 0.78. Similar values (slope = 1.17 and ρ = 0.89)
are found when using the MW model from Bovy (2015).
We notice that the two models are based on the Navarro
et al. (1997) density profile that does not converge at
large distances. It indeed excludes values of αMW larger
than 0.7, which allows significant room to use more ap-
propriate MW profiles and optimize them. Although
it is beyond the scope of this paper to derive the MW
total mass and its profile, the right panel of Figure 3
illustrates the result of a very first attempt, which leads
to a total MW mass and a mass profile in very good
agreement with mass and extended rotation curve pro-
files from Bhattacharjee et al. (2014) and Huang et al.
(2016).
The right panel of Figure 2 illustrates the correlation
between (σ2los − σ2stars)× rpowerhalf and
√
2 αMW gMW, the
former term involving only observed properties, the later
term involving only the MW gravitation and mass den-
sity profile. It is essentially similar to the left panel,
although the slope of the correlation is exactly 1 for
power = -1, which indicates that Eq. 5 fully accounts
for energy exchanges between the MW and the dSphs
along the line of sight, and that within an acceleration
range of almost 2 decades.
Eq. 5 applies to DM-devoid dSphs orbiting into the
MW halo, and it is based on the fact that the sizes
of the dSphs are much smaller than their distances to
the MW (the distant-tide approximation) allowing one
to account for smooth variations of the MW poten-
tial across dSphs (see Eq. 8.34 in Binney & Tremaine
2008). Furthermore, Eq. 5 requires that dSph stars un-
dergo a fluctuation of the MW gravitational potential
over time scales that are smaller than their present-
day crossing-time scales (tcross= rhalf/σlos). It has been
demonstrated by Aguilar & White (1985) that such an
impulse approximation holds even for slow encounters
(or those with rather low-eccentricities), i.e., if the en-
counter is as long as, or a few times longer, than tcross
(see also Binney & Tremaine 1987, 2008).
This situation might seem similar to that of globular
clusters (GCs) progressively destroyed by tidal shocks
during their passages near the MW bulge (Aguilar 1993;
Gnedin et al. 1999; Gnedin & Ostriker 1999). How-
ever, dSphs have central densities 10,000–100,000 times
smaller than GCs, and their interaction with the MW
potential is much more destructive during a single dy-
namical time tdyn= rhalf/σstarsonly (see footnote 3),
which ranges from 5 × 107 to 9 × 108 yr (see the sec-
ond table of Appendix A). Gnedin & Ostriker (1999)
showed that it takes more than 3 (resp. 10–15) dynam-
ical times for a system to virialize (resp. relax) after a
perturbation. In the course of their long orbits5 within
the halo, dSphs are affected by changes of the energy
brought by the MW tides. The encountering time (tenc)
can be evaluated by assuming that these changes have
to be larger than the kinetic energy associated with the
self-gravity of the DM-free dSphs (1/2×σ2starsonly). Dif-
ferentiating Eq. 5 yields:
∆(σ2MW)/∆(DMW) = −2
√
2αMW ×GMMW/D3MWrhalf ,
(7)
in which we have neglected the (slow) variation of αMW
with DMW. Then:
∆(σ2MW) = −2× σ2MW ×∆(DMW)/DMW, (8)
hence a distance change of ∆(DMW) induces a change
of ∆(σ2MW) equal to twice the kinetic energy due to DM-
free dSph self-gravity (1/2σ2starsonly), if:
∆(DMW) = σ
2
starsonly/σ
2
MW ×DMW/2 (9)
Given the small dSph stellar masses, the ratio σ2starsonly/σ
2
MW
is usually so small (see Appendix A) that changing DMW
by only a few percent warrants a kinetic energy change
larger than 1/2 × σ2starsonly. In the impulse approxima-
tion, the perturbation causes an instantaneous change
5 For example, with torbit∼ DMW/(2 × VGSR), where VGSR
is the galactocentric projection of the radial velocity. Replacing
VGSR by Vrad calculated by Fritz et al. (2018) does not change
the results.
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in the velocity of each star that depends only on its
position (Aguilar & White 1985). It holds when tcross is
larger than the encountering time tenc=∆(DMW)/VGSR,
and eventually leads to Eq. 5. Another way to establish
the validity of Eq. 5 is to consider the stars that are
in resonance with the MW gravitational perturbation:
following Weinberg (1994) and Gnedin et al. (1999) the
fraction of resonant stars follows (tenc/tcross)
−1, which
is 100% for most dSphs. Values of tenc/tcross are below
1 for most dSphs, but larger than 10 for Leo I and Leo
II (see Appendix A). Intermediate values for Carina
and Fornax are likely yielding results consistent with
the impulse approximation even if the conditions are
not strictly satisfied (Aguilar & White 1985; Binney &
Tremaine 1987). Moreover, stars in these dSphs would
not have time to come back to equilibrium (virializa-
tion), since the ratio between tenc and the virializing
time (3 ×tdyn) is always below or very close to 1, except
for Leo I and Leo II. It is noteworthy to see that Leo
I and Leo II are also outliers in the relations shown in
Figure 1 (see magenta dots).
4. TIDAL SHOCKS MAY EXPLAIN THE
MW DSPH KINEMATICS
It is widely accepted that dSph progenitors have prob-
ably lost their gas through ram-pressure effects caused
by the diffuse MW halo hot gas (Mayer et al. 2001;
Grcevich & Putman 2009). This is supported by a
strong dichotomy in dwarf gas content, those beyond
300 kpc being gas-rich, the others being gas-free (Grce-
vich & Putman 2009). The old stellar ages and low
metallicities of most of the dSphs have been often con-
sidered as evidence for an ancient infall of primordial
dwarf galaxies. However, there is mounting evidence for
a more recent infall of most dSphs. 74% of them (Fritz
et al. 2018) have orbital motions along a gigantic plane
perpendicular to the MW disk suggesting a common in-
fall (Pawlowski et al. 2014) with the Magellanic Clouds
(MCs), which also belong to this gigantic plane and are
at their first passage (Kallivayalil et al. 2013). The MCs
show large orbital eccentricities, a property shared by
most dSphs as inferred from Gaia measurements (Fritz
et al. 2018), with half of them having apocenters in
excess of 300 kpc. This is especially true for MW mass6
and profile consistent with most MW structural param-
eters (Bovy 2015). In the following we show how the
above astronomical context leading to Eq. 5 can fully
6 Fritz et al. (2018) have also considered another mass model,
which is like that of Bovy (2015) but for which they multiply the
halo DM mass by a factor 2 (their MMW = 1.6×1012M model).
It is however discrepant with the extended rotation curve of the
MW.
account for the large measured values of dSph velocity
dispersions.
Eq. 5 has been established under the impulse approx-
imation regime (tidal shocks), which is robust for all
dSphs but Leo I and II. The factor
√
2 in Eq. 5 results
from the assumed Plummer model for the stellar den-
sity in dSphs, assuming further a spherical symmetry
and using a radius that is the geometric mean between
the major and minor half-light radii. Adopting different
models does not affect Eq. 5 by more than a few percent
(Hammer et al. 2018).
However, Eq. 5 does not account for tidal stripping. The
global instantaneous energy change ∆E caused by the
MW tides on an individual star with velocity v is:
∆E = v ·∆v + 1/2(∆v)2 (10)
where ∆v is the change in velocity (see Eq. 7–41 of
Binney & Tremaine 1987). If dSphs are spherically
symmetric, the first term (called ”tidal stripping” or
”diffusion term,” see Binney & Tremaine 2008, P. 663)
vanishes when averaged over all stars letting the sec-
ond term (called ”tidal shocking” or ”heating,” here
approximated to 1/2(∆σ)2) lead to Eq. 5 (Hammer
et al. 2018). The first comprehensive simulations of
DM-devoid dwarfs falling into the gravitational po-
tential of the MW has been done by Piatek & Pryor
(1995), Kroupa et al. (1997), and Klessen & Kroupa
(1998), all assuming gas-free progenitors. During their
approach, progenitors are initially at large distances
from the MW, which results in weak gravitational field
and | ∆v || v |, leading to a dominant first term in
Eq. 10 as described by the diffusive regime (see Binney
& Tremaine 2008, P. 663). This led Piatek & Pryor
(1995) to model dSphs that experience large star losses
by tidal stripping. However, these modeled dSphs were
too elongated along the line of sight and had kinemat-
ics that were not consistent with observations (see also
Klessen et al. 2003; Read et al. 2006). Conversely, in
MW dSphs, | ∆v | (approximated by σMW) is sys-
tematically larger than | v |, if approximated by σstars.
Furthermore, observations of RR Lyrae stars reveal that
dSphs are not particularly elongated along the line of
sight (Hernitschek et al. 2018), consistently with expec-
tations and simulations in which tidal shocks dominate.
The above considerations point out a mechanism that
has prevented significant tidal stripping of stars during
the infall. In fact, if gas dominates dSph progenitors as
expected from observations (Grcevich & Putman 2009),
it would have been easily removed by ram pressure
stripping. Gas removal leads to a serious decrease of
self-gravity, a phase during which stars are left almost
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free to expand within a spherical geometry, preventing
the diffuse regime and letting tidal shocks dominate.
Figure 4 illustrates the overall process from the gas
removal by ram-pressure to the expansion of the stars,
and later on, how tidal shocks exerted by the MW dy-
namically heat the stars along the MW direction, which
coincides with the line of sight. Figure 3 (see also Fig. 5
of Hammer et al. 2018) shows how hydrodynamical sim-
ulations from Yang et al. (2014) based on gas removal
by ram-pressure and then tides from MW can repro-
duce expectations from Eq. 5. These can reproduce
the morphologies (see Figs. 9 and 10 of Hammer et al.
2018), the stellar density (see Appendix A.2), and the
flat velocity dispersion profiles along the dSph radii (see
Figs. 5 and 6 of Yang et al. 2014, see also calculations
in Hammer et al. 2018). The prominence of tidal shocks
in the case of gas-rich progenitors has been shown by
Kazantzidis et al. (2017), who also found that most of
the very elongated shapes or bar-like features obtained
in gas-free simulations ( Lokas et al. 2012) then vanish.
Properties of ’tidally-shocked,’ DM-devoid dSphs are
likely undistinguishable from those observed. Tidal fea-
tures are then not expected to be observed in DM-devoid
dSph at recent infall, because MW tidal shocking dom-
inates tidal stripping. This is consistent with the two
following observations: (1) there are no obvious tidal
features in the relatively bright, so-called classical dSphs
except perhaps for Carina (Battaglia et al. 2012), which
is likely near its pericenter (Fritz et al. 2018); and (2)
wide-field observations of several dSphs have revealed
stars beyond their DM tidal radius (Carina: McMonigal
et al. 2014; Draco: Kleyna et al. 2001; Se´gall et al. 2007,
Fornax: Battaglia et al. 2006). Conversely to Aguilar
& White (1985), Gnedin et al. (1999), and Gnedin &
Ostriker (1999), we have not examined the theoretical
evolution with time of the DM-devoid dSphs, although
our modeling indicates also mass losses, in particular, for
the smallest ones. Tidal shocking could lead to disrupt
these objects, and large parts of their stellar content
can be expelled toward their surroundings. Hercules is
likely in such a stage (Roderick et al. 2015; Garling et
al. 2018) and Ku¨pper et al. (2017) recently modeled it
as an exploding stellar system after two passages, con-
cluding to an absence of a DM dominant component.
This supports our conclusions, since Hercules lies on the
relations shown in Figures 1 to 3.
5. DISCUSSION: THE DM-FREE MW DSPHS IN
THE NEAR-FIELD COSMOLOGY CONTEXT
We propose a reasonable scenario that successfully ex-
plains the MW dSph properties and that excludes DM
as being their main mass component. However, be-
fore accepting such a major change of paradigm in near
field cosmology, one has to verify whether (1) most MW
dSphs can be at their first passage, (2) what are their
progenitors, and (3) how this could be consistent with
their star formation histories.
5.1. A first passage for most dSphs?
A very massive MW (e.g., ∼ 2×1012M) would lead
to more circular orbits for the dSphs after considering
their Gaia DR2 proper motions. For example, Fritz et
al. (2018) found that one-third of them have orbits with
eccentricities larger than 0.66 for their heavy MW mass
model (1.6×1012M), a fraction that increases to two-
thirds for their light mass model (0.8×1012M, see also
Bovy 2015). Hence for a less massive MW, typically
smaller than, e.g., 1.3×1012M, most dSphs including
the numerous ultra-faint dwarfs, would have large or-
bital eccentricities suggesting a first infall. This is con-
sistent with the fact that most of them lie in a vast polar
structure (Pawlowski et al. 2014) that also includes the
Magellanic Clouds, which are at their first passage.
Gaia DR2 has also considerably improved our knowl-
edge of the MW mass distribution up to 20-50 kpc, by
establishing a more accurate rotation curve (Eilers et
al. 2019; Mro´z et al. 2019), better constraints on the
Globular Cluster motions (Eadie & Juric´ 2019) and on
the estimates of the escape velocity (Deason et al. 2019,
see also Grand et al. 2019). Even if they are still us-
ing extrapolations of the mass profile to the outer halo,
these studies provide MW masses ranging from 0.7 to
1.3×1012M, i.e., allowing a scenario of first passage for
most dSphs.
5.2. What are the progenitors of DM-free
dSphs?
Due to their proximity, MW dSphs are by far the tini-
est galaxies for which detailed properties can be derived.
Their progenitors are likely gas-rich galaxies, for which
Lelli et al. (2016a) provided the most insightful report of
their properties, including their rotation curve, their gas
content, and the 3.6µm photometry for deriving their
stellar masses. However, among the sample of 21 dSphs
studied here, only Fornax possesses a sufficiently large
mass (3×107M), to be compared to, e.g., galaxies be-
longing to the lowest stellar mass range of the Lelli et
al. (2016a) study, all of which are dIrrs.
Here we consider the nine dIrrs for which the distance
is accurately determined (from the tip of the Red Gi-
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DMW = 266 kpc DMW = 190 kpc
DMW = 114 kpc DMW = 209 kpc
Milky Way Milky Way
Milky Way
Milky WayTPERI = 0.84 GyrTPERI = -0.28 Gyr
TPERI = -0.69 GyrTPERI = -1.07 Gyr
Figure 4. Transformation of a DM-devoid and gas-rich dwarf into a dSph after a first passage into the MW halo. An animation
is available that shows a close-up view of the dwarf galaxy in the orbital plane that includes the MW; distance to the dwarf
and direction (see orange arrows) are indicated in the top left of each panel. The initially gas-rich dwarf galaxy (H I gas in
green, stars in black) infalls into the MW halo, where hot gas content exerts ram-pressure onto the HI gas content as seen in
the top-left panel where the dwarf motion is almost along the direction of the MW (orange arrow). The top-right panel is a
snapshot taken after the HI gas has been fully removed from the dwarf, and since the gas accounted for 71% of the total initial
mass, it left the stars free to expand over all directions due to the decrease of self-gravity. The bottom left panel shows the
dwarf closely approaching its pericenter (time to pericenter is indicated in the bottom left of each panel) and expanded stars
are mostly affected by MW tidal shocks that let them elongate along the line-of-sight direction that matches the direction of
the MW gravitational force. The bottom right panel shows the dwarf after pericenter, at which time stars are continuously
elongated along the line of sight, providing the large observed values of σlos (see the value and red arrow). This simulation
is adapted from one of the simulations published in Yang et al. (2014), i.e., the model TDG3 − rp28 in their Table 3. It
has been improved by adopting a gravitational force softening of 0.5 pc instead of 50 pc for stellar particles (17 M/particle,
500,000 particles) in dwarf galaxies. Given the stellar density in dSphs, there should be no or very few stellar particles that
can be affected by the undesirable effects due to the softening. These simulations are based on the hydrodynamical / N-body
code Gadget2 (Springel 2005), and use simulated DM-free galaxies with initial mass and gas fraction (within a 3 kpc projected
radius) of 1.35×108 M and 71%, respectively. The simulation in the video begins at TPERI = -1.635 Gyr and ends at 0.839
Gyr. The video duration is 71 s.
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ant Branch) and with L3.6µm smaller than 10
8L, cor-
responding to a stellar mass of 5×107M according to
Lelli et al. (2016a). Among them, two (UGC 07577 and
CamB) show no evidence for an excess of mass from
their rotation curves, while for four (WLM, D564-8,
ESO0444-G084, and NGC 6789) DM seems mandatory
to explain their rotational velocity within R2.2 (= to
2.2 times the disk scalelength). For the remaining three
galaxies (UGC 0443, NGC 3741, and DDO154) the ne-
cessity for DM within the R2.2 radius is rather marginal,
especially when accounting for systematic errors due to
the assumed inclination. We verify that the above re-
sults are unchanged by increasing the L3.6µm limit to
2×108L.
It seems quite puzzling at a glance that only DM-free
dIrrs are reaching the MW halo, while others would have
avoided such an infall. However:
• A shallow-distributed DM could be preferentially
stripped lowering its fraction in the transformed
galaxy (Kazantzidis et al. 2011;  Lokas 2016), in-
cluding perhaps in their central region if DM par-
ticles have radially biased orbits compared to that
of stars.
• Alternatively, the MW dSph progenitors could
have come within a group (D’Onghia & Lake 2008)
at first infall, for which, e.g., the brightest galax-
ies could be DM-free, which cannot be excluded
from the small statistics discussed above. Progen-
itors might also be gas-rich, tidal dwarf galaxies
that are devoid of DM as suggested by Metz &
Kroupa (2007). For example, tidal dwarf galaxies
have been used with success to reproduce the Mag-
ellanic Stream, the Leading Arm, and the disks of
satellites surrounding both MW and M31 (Fou-
quet et al. 2012; Hammer et al. 2013, 2015; Yang
et al. 2014; Wang et al. 2019).
The above hypotheses might appear too radical and
one may need to investigate further the progenitor prob-
lem. For example, the identification of gas-rich progeni-
tors of the MW dSphs is possibly far more complex than
that provided by the above short analysis. In an infalling
DM-free dIrr scenario, the fraction of stars that have
escaped the initial galaxy may be significantly high for
some orbits, possibly reaching values up to 90%, and also
depending on a detailed description of the gas removal
by ram-pressure exerted by the MW halo gas. Under
these conditions even Sculptor (Mstellar= 5×106M)
could have a progenitor within the lowest mass range
of Lelli et al. (2016a) galaxies. More problematic is the
fact that it becomes unclear to which radius DM has to
be investigated in the progenitors, perhaps in a region
more central than R2.2.
Another limitation is due to the fact that stellar
masses of field dIrrs have been determined through stel-
lar population synthesis models, i.e., in a very different
way than for star-resolved dSphs. Detailed studies of the
star formation and chemical enrichment histories lead to
Mstellar/LV values in excess of 2.1 for Fornax, and up
to 4.3 for Sculptor (de Boer et al. 2012a,b). Quoting
Kroupa et al. (2013), ”the chemical evolution modeling
of the Fornax dwarf-spheroidal satellite galaxy demon-
strates that this system must have produced stars up
to at most about 25 M in agreement with the pre-
diction of the integrated galactic initial mass function
(IGIMF) theory given the low star formation rate ∼
3×10−3 Myr−1 deduced for this system when it was
forming stars in the past.” Since de Boer et al. (2012a,b)
assumed a Kroupa (2001) IMF that is extending to large
star masses (120 M), the stellar mass of Fornax is per-
haps underestimated. This can also apply to the Fornax
progenitor as well as to most dIrrs, i.e., their IMF could
be rather bottom-heavy according to the IGIMF theory
(Kroupa et al. 2013), which could lead to large values of
Mstellar/L3.6µm. For the later, larger values than 0.5 are
not excluded by the baryonic Tully Fisher relation ac-
cording to Lelli et al. (2016b), and, for example, a value
of 1 would be consistent with an absence of DM in the
R2.2 radius of UGC 0443, NGC 3741, and DDO154.
Even if one may succeed in identifying the progen-
itor of Fornax (and perhaps of Sculptor), it leaves un-
known the properties of the progenitors of the 19 remain-
ing dSphs studied in this paper. There have been pio-
neering studies of very tiny dIrrs including the SHIELD
(McNichols et al. 2016), the LITTLE THINGS (Oh et
al. 2015), and the VLA-ANGST (Ott et al. 2012) sur-
veys, reaching galaxies with stellar masses from 3×104
to 5×106M, i.e., below the smallest dIrr mass values
of Lelli et al. (2016a). Lelli et al. (2016a) have ex-
cluded the LITTLE THINGS dIrrs because of irregu-
larities in their rotation curves possibly due to noncir-
cular events. Some attempts (see Oh et al. 2015) have
been done to estimate their rotation curves, using the ti-
tled ring method that assumes an infinitesimally thin HI
layer (see Bosma 2017). However, such low-mass objects
have almost a spheroidal geometry (Sa´nchez-Janssen et
al. 2010) and a velocity amplitude similar to that of
their dispersion, the latter being mostly associated to
star formation and turbulence (Stilp et al. 2013). This
likely hampers a robust determination of their rotation
curve and hence of their DM content. Stilp (2013) con-
cluded that ”rotation curves for the smallest dwarfs in
our (VLA-ANGST) sample may be difficult to obtain
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due to their complex velocity fields” (see also Ball et al.
2018 for Coma P, Oh et al. 2015 for DDO 210, McNi-
chols et al. 2016 for AGC 748778, and Bernstein-Cooper
et al. 2014 for LeoP). This does not mean that there is
no DM in the tiniest dIrrs, though it points out the need
for a significantly more robust (3D) modeling of individ-
ual objects to disentangle effects due to star formation
from those due to gravitation.
5.3. Are DM-free MW dSphs consistent with the star
formation history?
The above scenario might also appear at odds with
the star formation histories of dSphs, which are of-
ten dominated by a single, very old population (Weisz
et al. 2014). However, star formation histories could
be complex and difficult to interpret, especially if un-
known amounts of initial gas have been removed by
ram-pressure effects leading to a subsequent decrease of
self-gravity and then to an expansion of stars within a
spherical symmetry. For example, during the last few
hundreds of megayears, the star formation history of
Fornax (de Boer et al. 2013) has been consistent with a
recent gas removal by ram-pressure and then with the
tidal shock scenario. While this also applies to Carina,
Leo I, and perhaps to Leo II, the cases of Sculptor, Sex-
tans, UMi and Draco (Weisz et al. 2014) are perhaps
more problematic. For example, why did the star for-
mation in the Sculptor progenitor stop about 5 Gyr ago
(de Boer et al. 2012a)? Only a full hydrodynamical sim-
ulation with a well determined orbital history for Sculp-
tor could help us to verify this potential inconsistency.
Recently, FIRE2 simulations (Garrison-Kimmel et al.
2019) have shown that gas-rich dwarfs with stellar mass
ranging from 106 to 107M have similar star formation
histories to Sculptor. Beside this, most of dSphs are
much fainter than classical dSphs and they show large
orbital eccentricities that may be consistent with a first
infall (Simon 2018), which might be difficult to recon-
cile with a single old stellar population (Weisz et al.
2014). Perhaps their progenitors were so tiny that these
systems were unable to form stars for very long peri-
ods. Alternatively, one needs to verify whether or not
the faintest dSphs may also contain an intermediate age
population, and this is likely out of our reach with the
present data because of the small number of giant stars
in these very scarcely populated galaxies (V. Hill 2019,
private communication).
6. CONCLUSION
The DM content of dSphs is calculated through the
DM projected density along the line of sight. Here
we demonstrate that the recently improved data from
Mun˜oz et al. (2018) and Fritz et al. (2018) reveal that
the gravitational acceleration attributed to the DM self-
gravity is strongly anticorrelated to the MW distance.
Assuming a mass modeling of the MW consistent with
its kinematics and rotation curve, we find that the los
gravitational acceleration attributed to the DM self-
gravity is precisely equal to that caused by the MW
tidal shocks on DM-free dSphs.
This leads us to conclude that all the observed prop-
erties of the dSphs can be explained by the action of the
MW only, without having to include any DM in dSphs.
In DM-dominated models of dSphs the DM is somewhat
shielding the action of the MW, and the DM total mass
appears not to be correlated to the MW distance or
its gravitational action. The last point is in contradic-
tion with the observed anticorrelation (ρ = 0.76 for 21
dSphs, 0.83 without Leo I and Leo II) between the MW
distance and the los projected acceleration, which is the
only quantity related to observations. The probability
that this is just a coincidence is only 3×10−4, which can
be conservatively considered as the chance that DM im-
pacts the kinematics of dSphs. This result questions the
search of DM in these evanescent stellar systems, as well
as our understanding of dwarfs in the Local Group and
their role in cosmology.
To further investigate about the origin of DM-free MW
dSphs would require (1) the detection and the analysis
of their progenitors that could be extremely low-mass
(Mstellar from 10
4 to 106M) gas-rich galaxies in the
field, (2) a significant progress in estimating their stel-
lar ages through the turn-over of their main-sequence
stars, and (3) an accurate determination of dSph orbits
and of the MW mass distribution to perform detailed
and case-by-case hydrodynamical simulations.
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Figure 5. Logarithmic correlation between visible luminosity (LV ) and half-light radius (rhalf , left panel) and line-of-sight
velocity dispersion (σlos, right panel). Solid lines indicate the least-square fit of each relation, after excluding Crater II. In the
left panel, small dots indicate the location of globular clusters from Moreno et al. (2014), the dotted line shows a detection
limit in surface brightness of 31 mag arcsec−2, and the arrow indicates the track of the simulated dSph (same simulation than
in Figures 3 and 4). In the right panel, the dotted line shows the correlation for the 21 dSphs of the sample after removing the
three outliers (red points).
APPENDIX
A. THE DATA
A.1. Selection of the dSphs
Fritz et al. (2018) provide one of the most complete and up-to-date list of 39 dSphs with spectroscopic data on
individual stars that can be used to estimate their line-of-sight velocity dispersions (σlos). The list also includes
objects whose nature is still under debate (e.g., Crater I). Our goal is to test the DM estimate in dSphs lying in the
virial halo of the MW, i.e., within 300 kpc, leading us to exclude Phoenix (which is indeed not a dSph) and Eridanus
II. Objects with only upper limits on σlos must also to be rejected either because their nature as a dSph or a star
cluster is under debate (Crater I) or because they cannot lead to DM mass estimates (Segue II, Hydra II, Triangulum
II, Tucana III, and Grus I). Velocity dispersion estimates are likely contaminated by the presence of binary stars,
which particularly affects galaxies with only a few stars spectroscopically measured (see, e.g., Spencer et al. (2017)).
In order to keep the number of dSphs sufficiently high we chose to keep targets having eight or more stars to measure
σlos, i.e., excluding Bootes II, Carina III, Horologium, and Pisces II. Finally, since we aim at estimating the influence
of the MW on the DM measurements, we chose to further exclude Carina II, Reticulum II, and Hydrus, which lie in
between the MW and the LMC.
It results that the sample of dSphs inhabiting the virial halo of the MW and having robust kinematics data for
evaluating the DM estimates includes 24 galaxies, enabling us to study the correlation between their fundamental
parameters, i.e., their luminosities, radii, velocities,and distances.
A.2. Correlations between LV, rhalf , and σlos
Table 1 lists the properties of the sample of 24 dSphs having robust kinematics data. Half-light radii (rhalf) and V
luminosities (LV) are taken from Mun˜oz et al. (2018), assuming Plummer density profiles. Following McConnachie
(2012) we calculate the geometric mean half-light radius between the major and minor axes to account for the presence
of highly elliptical systems. Left panel of Figure 5 shows the very strong correlation for the 24 dSphs but Crater II
(ρ= 0.87, t = 8.1) between LV and rhalf , leading to log(LV) = 2.93 log(rhalf) − 1.48. Such a correlation can also be
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Figure 6. Logarithmic correlation between half-light radius (rhalf) and line-of-sight velocity dispersion (σlos). Solid lines
indicates the least-square fit, and the dashed-dotted line indicates the fit after combining the relations between (LV , rhalf) and
(LV , σlos). The difference between the slopes calculated in both ways is taken as the uncertainty.
seen in Fig. 6 of McConnachie (2012). This means that the visible luminosity scales as r3half . Surface-brightness limit
may affect the scaling. However, only the discovery of many Crater II type galaxies could change it significantly.
Assuming a Plummer profile, dSphs have an average central density of ν0= 0.0079 Lpc−3, a value about 20 times
smaller that of the stellar density in the solar neighborhood. While the scatter between dSph values is quite large (the
minimal value is ν0= 0.00025 for Aquarius, a value ∼ 350 times smaller than the largest one, for Leo I), the range of
LV values is huge (a factor of 21,000). Also, note that Crater II is definitively an outlier with an ultra-low density,
33,000 lower than the average of other dSphs.
Figure 5 (right) shows that LV scales with σ
8.88
los (ρ = 0.68, t = 4.2), i.e., with more than twice the power value
expected from the baryon Tully Fisher relationship. This discrepancy has already been noted by McGaugh & Wolf
(2010). Combined together, the two relations displayed in Figure 5 lead to the relationship between rhalf , and σlos
shown in Figure 6 (see the dashed-small dashed line). The latter has also been found by Walker et al. (2009, see their
Fig. 6), though the improved data measurements from Mun˜oz et al. (2018), as well as our choice of a geometrical
mean for rhalf (see, e.g., the Hercules location that is no more discrepant), have considerably reduced the scatter and
increased the significance (ρ= 0.76, t = 5.4 for 23 galaxies). We also notice that the slope of the relation (0.37±0.04,
see Eq. 4) is about twice that from Walker et al. (2009).
A.3. Correlations with DMW
Figure 7 shows the correlations between LV, rhalf , and σlos with the MW distance. After discarding the outlier
Sagittarius, there is a weak correlation between the V luminosity and the distance (ρ = 0.56, t = 3.1), which can be
explained by the fact that only the brightest dSphs have been fully detected in the MW halo. The strength of the
LV -rhalf correlation is sufficient to explain the very weak correlation between rhalf and distance (ρ = 0.42, t = 2.2).
Note that σlos does not correlate at all with distance, as it is also shown in Figure 2.
It results that both Sagittarius and Crater II are outliers in the relations between the MW dSph fundamental
properties. This is not surprising since the former was never considered for estimating the DM content as it is
evidently dominated by MW tidal forces, which is further evidenced by the associated gigantic stream (Ibata et al.
2003; Majewski et al. 2003). Crater II was discovered recently (see Caldwell et al. (2017)) and was immediately
considered as an outlier, due to its extremely small stellar density. From examination of Figures 5 to 7 we find that
while being less compelling, Bootes I is also an outlier when it is compared to the properties of the 21 remaining dSphs.
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Figure 7. From left to right: distance to the MW center against visible luminosity (LV ), half-light radius (rhalf), and line-of-sight
velocity dispersion (σlos).
Indeed Bootes I has two two distinct components with very discrepant velocity dispersions, and Simon (2019) advised
against using these data to derive Bootes I dynamical properties. The 21 remaining dSphs will be considered as the
sample of ordinary dSph galaxies, and all Figures in the main manuscript are based on this sample. Table 2 gives the
quantities calculated in the paper assuming the MW model of Sofue (2015).
B. CHALLENGES TO THE SCENARIO OF DM-DOMINATED MW DSPHS
DSphs made of stars only are consistent with the fact that LV (∼ Mstellar) scales with r3half (Figure 5). It is unex-
pected that tidal shocks affect the slope of this relation, because the energy provided by the MW tides (1/2∆σ2MW ) is
approximately balanced by losses due to (too energetic) stars leaving the system (Binney & Tremaine 1987, see pages
435-436). In other words the reaction of the system to the MW tidal shocks would be to shrink and to loose stars, i.e.,
to decrease both Mstellar (or LV) and rhalf . Strong deviations from the baryon Tully Fisher (see Figure 5) have led
McGaugh & Wolf (2010) to suggest a role for tidal effects. Combining LV ∝ σ8.88los with the weaker correlation between
LV and D
5
MW, is consistent with a weak, or the absence of correlation of, between σlos and DMW. This suggests that
DM-free dSphs are consistent with all data and relationships presented in this paper.
Can these relationships be reproduced by models of DM-dominated MW dSphs? Pure DM subhalos in the MW
potential (Diemand et al. 2008; Moline´ et al. 2017) could yield an anticorrelation, such as that shown in the left panel
of Figure 1. This is because tidal stripping dominates in the diffusive regime (see Binney & Tremaine 2008, P. 663)
and leads to the evaporation of particles having the lowest binding energy, which results in higher concentrations and
densities (Aguilar 1993). This particularly affects early infall, and dSphs that inhabit the inner part of the halo.
Figure 8 shows that the DM density of dSphs is indeed anticorrelated with the MW distance, however, with a far
much steeper slope (54 times higher) than that derived from Fig. 4 of Diemand et al. (2008). In these simulations,
dSphs are infalling into the MW halo at different epochs. If tidal stripping caused the correlation shown in the top
panel of Figure 8, then stars present at early epochs should be as affected by tides as DM, except if DM particles have
much more radial motions than stars. According to Navarro et al. (2010) and Taylor (2011), DM particle motions may
not be too anisotropic in the central regions of a DM halo. The bottom panel of Figure 8 shows that on average the
stellar density does not change with MW distance, which makes unlikely an explanation based on DM tidal stripping,
or, alternatively, that additional investigations are necessary, e.g, by considering the effect of baryons to the Diemand
et al. (2008) prediction.
It remains unclear how simulations (presence of gas in progenitors and ram pressure stripping, stellar feedback and
winds, radiative cooling, cosmic UV background affecting early star formation, see, e.g., Kazantzidis et al. 2017) of DM-
dominated dSphs could reproduce the above relations, including Figures 1 and 2 and the scaling relations presented
in the Appendices A.2 and A.3. In spite of our efforts to investigate many simulations that have been performed
to reproduce the Local Group content, we find none of them able to reach the properties of the lower half of dSph
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Figure 8. Variations of dSph densities taken at r= r1/2 with the MW distance for the sample of 21 ordinary MW dSphs. Top:
DM density (νDM) calculated according to Eqs. 1 and 2. It is logarithmically anticorrelated with DMW, with ρ= -0.60, t= -3.3,
and a logarithmic slope of -2.86 (full line) as indicated in the left panel of Figure 2, and which contrasts with the prediction by
the Via Lactea II simulation (Diemand et al. 2008) as shown by the blue line. Bottom: star density (νstars) calculated at r=
r1/2 assuming a Plummer profile for dSphs (Mun˜oz et al. 2018). It shows no correlation with DMW, with ρ= 0.15 and t= 0.66,
the dotted line indicating the average value.
mass range, impacting their ability to reproduce the relationships discovered in this paper. The main limitation is
the resolution, e.g., in one of the highest resolution APOSTLE simulations (Fattahi et al. 2018), the softening length
is 134 pc leading to a spatial resolution of ∼ 400 pc, i.e., insufficient for most dSphs (see Table 1). However, this
limitation should soon be overcome, e.g., by extreme resolution simulations (Wheeler et al. 2018). that might be used
in the future to test our relations between host and dSph galaxies. For the moment, even Wheeler et al. (2018, see
their Fig. 7) have not fully reproduced the relation shown in the left panel of Figure 5.
C. ACCOUNTING FOR UNCERTAINTIES IN THE ANALYSIS OF THE ANTICORRELATION BETWEEN
ACCELERATION AND MW DISTANCE
The validity of the correlation analysis done in Sect. 2 and shown in the left panel of Figure 1 may be questioned since
both axes (here called x and y) suffer from observational errors, which are both heteroschedastic and sometimes large.
For each dSphs i, we note x,i the uncertainties of the measurement on xi, y,i the uncertainties of the measurement
on yi and Ri = yi − (axi + b) the residuals from the fitting process.
However, the observed dispersion on y originates not only from the measurement errors, but also from some (un-
known) intrinsic scatter σint, which increases the observed dispersion, σ
2
y,i = σ
2
int+
2
y,i. To account for this, we checked
the significance of our correlation analysis by two different methods.
First, we made a weighted regression (Ripley & Thompson 1987) accounting for errors in both axes, x,i and σy,i.
Initially starting with a null intrinsic scatter, we iterate twice the regression for the estimation of this intrinsic scatter:
we compute the residuals, and we estimate the variance of the intrinsic scatter with the variance of the residuals minus
the average variances of the measurement errors, σ2int ≈
∑
R2i /(n− 2)−
∑
2y,i/n, as it is a consistent estimator of the
intrinsic scatter when x,i can be neglected. We then found that the slope is significantly negative with a p-value = 3
×10−4.
Second we used an MCMC based Bayesian hierarchical model to fit the data, which derives the posterior distribution
function from the data, and considers the observation uncertainties and intrinsic scatter simultaneously7. The slope
is −0.54± 0.15, i.e. with a significance similar to what has already been found.
These results show that the correlation found at Figure 1 does not occur by chance only.
7 see https://github.com/sanjibs/bmcmc
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